We report ALMA Band 7 (350 GHz) imaging at 0.4 -0.6 resolution and Band 9 (696 GHz) at ∼0.25 resolution of the luminous IR galaxies Arp 220 and NGC 6240. The long wavelength dust continuum is used to estimate ISM masses for Arp 220 East, West and NGC 6240 of 1.9, 4.2 and 1.6×10
INTRODUCTION
Numerous multi-wavelength observational and theoretical investigations have revealed the basic properties and evolutionary scenario of ultra-luminous infrared galaxies (ULIRGs). The first complete sample for the local universe was generated from the IRAS all sky survey, M (Sanders et al. 1991) . For the ULIRGs, approximately equal numbers of galaxies have optical emission line ratios characteristic of star formation (SF) and AGN (Sanders et al. 1988) . Although the ULIRG activity is rare at low redshift, these merging systems are likely much more prevalent during the epoch of peak cosmic star formation and nuclear activity at z ∼ 1 − 4 (Le Floc'h et al. 2005) .
Arp 220 ) are two of the most studied luminous IR galaxies. Both systems show double nuclei -separated by 1.0 (361 pc, Arp 220) and 1.5 (713 pc, NGC 6240). In Arp 220 the star formation rate must be ∼ 240 M yr −1 if the infrared luminosity is powered by star formation. In NGC 6240 both galactic nuclei show X-ray emission suggesting that AGN accretion contributes some of the luminosity (Komossa et al. 2003) . In NGC 6240 the molecular gas peak lies between the two NIR and X-ray nuclei so it is likely that most of the IR luminosity originates from star formation (SFR ∼ 70 M yr −1 ) rather than AGN accretion on the nuclei.
During the merging of gas-rich galaxies, the original ISM (presumably distributed in extended galactic-scale disks) sinks rapidly to the center of the merging system due to dissipation of kinetic energy in the shocked gas and torques generated by the offset stellar and gaseous arXiv:1412.5183v1 [astro-ph.GA] 16 Dec 2014
bars (e.g. Barnes & Hernquist 1992) . The star formation rates in the ULIRGs are typically 10-100 times higher per unit mass of ISM compared to quiescent disk galaxies. The ULIRG-starburst activity is likely driven by the concentration of gas in the nuclear regions and dynamical compression of this gas by supersonic shocks. Arp 220 has two nuclei separated by ∼300 pc and over 90% of its bolometric luminosity emerges in the infrared. The two nuclei have counter-rotating disks of molecular gas as traced by CO emission (Sakamoto et al. 1999) . In NGC 6240, the molecular gas extends between the nuclei rather than being concentrated on the individual nuclei.
The observations presented here were made with the ALMA array at 350 and 700 GHz (Bands 7 and 9). These data provide excellent resolution and sensitivity for imaging high excitation molecular gas tracers (HCN and CS) together with the optically thin long wavelength dust continuum. The dust continuum provides an independent and linear probe of the overall ISM mass (Scoville et al. 2014 ).
1.1. Arp 220 -summary of prior observations Near infrared imaging of Arp 220 reveals two nuclei separated by 1 ; the West nucleus shows greatly increased extinction to the south , modeled as a dense dust disk tilted to the line of sight (Scoville et al. 1998) . CO imaging at 0.5 resolution detects the counter-rotating disks in both nuclei with radii ∼ 100 pc, dynamical masses of 2 × 10 9 M for each disk and ∼ 50% gas mass fractions (Scoville et al. 1997; Sakamoto et al. 1999; Downes & Eckart 2007) . The inferred visible extinctions perpendicular to the disks are A V ∼ 500 − 2000mag, precluding the use of optical/near infrared tracers of the star formation in the nuclei. Near infrared integral field spectroscopy of the stars at larger radii indicates a significant population with age only 10 Myr (Engel et al. 2011) . Much of the nuclear disk ISM is very dense (> 10 4−5 cm −3 ) and at high temperatures (T > 75K) compared to normal Galactic molecular gas. This is based on the strong HCN & HCO + line emission observed with single dish telescopes and the high CO brightness and dust temperatures ∼ 75 − 170 K (Matsushita et al. 2009; Greve et al. 2009; Sakamoto et al. 1999; Downes & Eckart 2007; Rangwala et al. 2011; Wilson et al. 2014) . PCygni absorption line profiles are seen in HCO + (J = 3 -2 and 4 -3) with SMA, which Sakamoto et al. (2009) interpret as an outflow from the inner radii of the nuclear disks. HNC (J = 3 -2) emission has also been imaged at 0.3 resolution with SMA, but the emission is bright only in the western nucleus ).
1.2. NGC 6240 -summary of prior observations In the infrared, NGC 6240 shows two nuclei separated by ∼ 2 arcsec (700 pc) with high reddening in the region between them (based on the 2.2/1.6 µm color gradients - Scoville et al. 2000) . Each of the nuclei exhibits X-ray emission suggestive of supermassive black hole accretion (Komossa et al. 2003) . High resolution CO (J = 2-1) imaging shows the molecular gas peaking in this 'overlap region' (Bryant & Scoville 1999; Tacconi et al. 1999; Engel et al. 2010 ). The gas concentration between the nuclei can be modeled as a rotating disk with dynamical mass 7 × 10 9 M and a molecular gas mass fraction of ∼ 50% (Tacconi et al. 1999) . Iono et al. (2007) finds the CO (3 -2) emission extended on a scale of 4 kpc but the HCO + (4 -3) emission is concentrated between the two nuclei. Near infrared spectroscopy of NGC 6240 indicates a significant starburst (SB) population less than 20 Myr old (Tecza et al. 2000; Engel et al. 2010 ).
Probing the Nuclear Structure
Although the global understanding of merger evolution is well developed, major aspects of the structure and evolution of the massive gas-rich nuclear disks remain poorly constrained by observations and only crudely understood in terms of the physical processes. Specifically, the radial mass and star formation distributions, the physical conditions (density, temperature and cloud structures) and the dynamical evolution of the disks (due to accretion and feedback from SB and AGN activities) are undetermined. And yet, all of these are vital to understanding the final evolution of the mergers and the resulting SB properties (SF efficiency, distribution and feedback), AGN fueling and the feedback of processed material to the circum-galactic environment.
Here, we present ALMA imaging at 350 GHz (850 µm) of Arp 220 and NGC 6240 at 0.3 -0.6 resolution. The observations include both the dust continuum, which is optically thin at long wavelengths and the emission lines of high excitation molecular gas tracers (HCN, CS and CN). The HCN and CS emissions trace higher excitation molecular gas than is probed by the CO lines, since they require high column densities (and/or volume densities) to maintain population in the excited levels from which the emission originates. Thus, they provide better access to the gas closest to the centers of SB and AGN activity (as opposed to the extended molecular gas producing the CO emission).
We describe the observations and data reduction in §2 and summarize the results in §3. In §4, we use the dust emission to estimate the masses of ISM in each source. In §5 and Appendix A, we model the nuclear disk dynamics and HCN emissivity distributions in Arp 220 and NGC 6240, doing a maximum likelihood fit to obtain a best match to the observed HCN emission line profiles. This dynamical modeling yields total masses consistent with those derived from the dust continuum emission.
ALMA OBSERVATIONS AND DATA REDUCTION
The ALMA Cycle 0 observations for project #2011.0.00175.S were obtained in 2012. For both Band 7 and Band 9 observations the correlator was configured in the time division mode (TDM) with 4 spectral windows. Each window had a full bandwidth of 1875 MHz covered by 31.25 MHz resolution spectral channels. Three of the four windows in Band 7 were configured to observe spectral lines at rest frequencies of 342.882 (CS 7 -6) and 354.505 GHz (HCN J=4 -3), while the fourth spectral window was centered at 340.974 GHz to image the dust continuum emission. For the Band 9 observations, we configured the correlator to map two spectral lines at rest frequencies of 708.877 (HCN 8-7) and 713.341 GHz (HCO + 8-7) and used the two remaining spectral windows to image the continuum emission -these latter windows were centered at rest frequencies 707.3 and 711.0 GHz. The adopted redshifts were z = 0.01812 and 0.02448 for Arp 220 and NGC 6240, respectively. For Band 9, we only present the continuum data here. [The Band 9 line emission data are not discussed further here and will be presented in a separate publication.]
All observations were done in the most extended configuration available in Cycle 0. For this telescope configuration, good flux recovery is expected out to scales of ∼ 3 and more extended emission will be partially resolved out. The spatial scales of the high excitation gas is confined to <3 and observations with the ALMA compact telescope configuration were not necessary. The CO and dust continuum emission from the larger galaxies is likely to be significantly resolved out at 3 scales (Scoville et al. 1997) . Most of the data were taken with configurations of 16 -21 antennas, except one execution block which had 25 antennas. The total integration time for the Band 7 observations for NGC 6240 and Arp 220 was 140 minutes for each source (excluding calibrations), whereas for the Band 9 observations, the total on-source time was 32 minutes for Arp 220 and 75 minutes for NGC 6240.
Following the delivery of data products, the data were re-reduced and imaged using the Common Astronomy Software Applications package (CASA). Modest selfcalibration was done to improve the dynamic range. We measured the noise from the emission free regions of the map before subtraction of the continuum. The 1σ (rms) sensitivities are as follows: for Arp 220 in Band 7, we measure an rms noise of 1.1 mJybeam −1 in 13 km s −1 channels in the upper sideband spectral windows (i.e. at a rest frequency of ∼ 354 GHz) and 1.7 mJybeam −1 in 13 km s −1 channels in the lower sideband spectral windows (i.e. at a rest frequency of 342 GHz). For NGC 6240 we have a noise level of σ 0.5 mJy beam −1 and 0.6 mJy beam −1 in the upper and lower sidebands in 13 km s −1 channels. The poorer sensitivity in the Arp 220 observations is largely due to the lower elevation of Arp 220 and shorter integration times.
Both the delivered data products and our re-reduction of the Arp 220 datasets exhibited non-flat residuals in line-free portions of the spectra after subtraction of the continuum in the UV data. After attempting to use the much weaker phase calibrator for passband calibration, we chose to use the original passband calibrator and then did continuum subtraction in the image plane. This was done in IDL using our own software which fit a polynomial to line-free frequency planes for each spatial pixel, and then the endpoints of these polynomials were used to linearly interpolate across the frequency planes with possible line emission.
OBSERVATIONAL RESULTS
In this section, we present the results for both sources, first the continuum ( §3.1) and then the line imaging ( §3.2), followed by source flux measurements ( §3.3). The source measurements are made by integration over circular apertures (Table 1) and by fitting multiple Gaussian components (Table 2) . Synthesized beam parameters are given in Table 3 . For Band 7, the typical beam size is 0.5 and for Band 9 they are 0.3 (see Table 3 ). For the imaging we use coordinate offsets from Arp 220 West, i.e. the Gaussian component fit to the 698 GHz continuum (α 2000 =15:34:57.217 and δ 2000 =23:30:11.44) and for NGC 6240, the Gaussian-fit continuum peak at 694 GHz (α 2000 =16:52:58.898 and δ 2000 =2:24:03.51).
Continuum
At submm wavelengths the continuum in ULIRGs is dominated by dust emission, specifically the RayleighJeans (RJ) tail of the far-infrared dust emission. The total fluxes measured for Arp 220 and NGC 6240 are 490 and 20 mJy at 345 GHz and 4.51 and 0.126 Jy at 698 GHz (Table 1) . The synchrotron and free-free emission which is responsible for the longer wavelength radio continuum is < 30 and < 16 mJy at ν = 85 GHz in Arp 220 and NGC 6240, respectively (Imanishi et al. 2007; Nakanishi et al. 2005) . And of course, both the synchrotron and free-free emissions decrease at higher frequency (varying as ∼ ν −0.7 and ν −0.1 respectively). Their contributions to the fluxes observed here are therefore negligible. The submm-wavelength dust emission is generally optically thin and the observed RJ continuum fluxes can be used to probe the ISM mass distributions (Scoville et al. 2014) . In §4 we use the measured fluxes to estimate the ISM masses for each galaxy nucleus.
The continuum images of Arp 220 and NGC 6240 at 345 GHz (Band 7) and 698 GHz (Band 9) are shown in Figure 1 . The image in Figure 1 -lower-left is similar in angular resolution and frequency to that recently obtained by Wilson et al. (2014) with ALMA. The 342 GHz image (upper-left) has 2× lower angular resolution but much higher signal-to-noise ratio than the 350 GHz SMA map of Sakamoto et al. (2008) .
Since the long wavelength dust emission is optically thin, the centroid of the dust emission may be used to pinpoint the ISM center of mass in the galaxy nucleus. In Figure 2 we show the 698 GHz continuum contours together with the nuclear emission peaks found in previous high resolution imaging: the 33 GHz radio continuum (Barcos-Muñoz et al. 2014) , the 349 GHz continuum (Sakamoto et al. 2008) , and the 691 GHz continuum (Wilson et al. 2014) . The peak positions obtained here (the plus and diamond symbols in Figure 2) were derived from the Gaussian-fit components as were those from Sakamoto et al. (2008) and Wilson et al. (2014) . The peak positions all agree to within 0.2 . The small shifts in the submm peaks, shown in Figure 2 , could be caused by depth effects for the dust emission, or they may simply reflect uncertainties in the interferometric phase calibrations for Cycle 0 ALMA at high frequencies. In the following, we adopt our 698 GHz Gaussian-fit peaks (Table 2) as the best positions for the two galaxy nuclei.
The total continuum fluxes at 350 GHz (870µm) and 700 GHz (430µm) are: 0.490 Jy and 4.51 Jy for Arp 220 (Table 1) . Single dish (JCMT-SCUBA) fluxes for Arp 220 are: 832 ± 86 and 455 ± 47 mJy (average = 643 mJy) at 850µm (Dunne et al. 2000; Antón et al. 2004 ) and 6.3 ± 0.8 Jy at 450 µm (Dunne & Eales 2001 Figure 1 . Continuum images of Arp 220 and NGC 6240. In the Arp 220 images, the square and diamond markers indicate the West and East continuum Gaussian-fit peaks at 698 GHz (see Table 2 ) and the coordinate offsets are relative the West continuum peak. In the NGC 6240 images, the square and diamond markers indicate the North and South VLBA continuum peaks (see Max et al. 2007 ). Labels on the contours are in mJy beam −1 . Contours are at -2 (dashed), 2, 3, 4, 6, 8, 10, 15, 20, 25, 30, 40,... 80, 100, . ..×σ where σ = 1.26 and 0.248 mJy beam −1 ,respectively for Arp 220 at 342 GHz and NGC 6240 at 340 GHz. For Arp 220 at 698 GHz and NGC 6240 at 694 GHz, contours are at -3 (dashed), 3, 6, 10, 20, ... 100, 120, 140, .. line emission is clearly more extended than in Arp 220 so it is expected that the recovered flux percentage will be smaller than in Arp 220. However, the extremely small 'apparent' percentage (15%) in NGC 6240 is surprising since the telescope configuration should have good flux recovery for angular scales < 4 . It appears possible that there are significant calibration errors in the single dish measurements. Figure 3 shows the source-integrated spectra for Arp 220 and NGC 6240 and Figure 4 shows the spectra for the individual East and West nuclei in Arp 220. The HCN (4 -3) and CS (7 -6) lines are seen at very high signal-to-noise ratios in all of the spectra with a similar ratio HCN (4 -3) / CS (7-6) ∼ 0.2 (see Table 1 ). The CN (7/2 -5/2) occurs at the low frequency end of the lower sideband (LSB) and thus the redshifted side of the emission is truncated. In both nuclei of Arp 220 this line appears in emission and absorption at different velocities (see Figure 4) . In NGC 6240 the CN emission is similar in strength to the HCN line (Figure 3) .
Lines
The HCN and CS lines show double peaked velocity profiles in both nuclei of Arp 220 (Figure 4 ). This is possibly due to absorption by optically thick, lower excitation gas at the systemic velocity along the line-of-sight to the nuclei. Sakamoto et al. (2009) detect absorption in HCO + (3 -2 & 4 -3) and CO (3 -2) in small apertures on both nuclei. The deepest absorption in their spectra occurs at 5200 − 5450 km s −1 , corresponding to the high frequency side of the HCN and CS line profiles where the dip is seen. The CN (7/2 -5/2) line shows strong absorption on both nuclei of Arp 220 but, since this line is near the edge of the bandpass, we will not discuss it 
further.
Figures 5 and 6 show the velocity-integrated line fluxes and mean velocities for HCN and CS in Arp 220 and NGC 6240. Both the integrated intensity and the mean velocities are calculated as simple moment integrals over V = ±500km s −1 (without a signal-to-noise clipping threshold for the 3d pixels). The velocities are measured relative to the adopted systemic redshifts z = 0.01812 and 0.02448. In both galaxies, the projected emissivity and velocity distributions are similar between HCN (4 -3) and CS (7 -6) -the peaks coincide within 0.1 and the sizes are similar (see Table 2 ).
In Arp 220 West, the apparent kinematic major axes for HCN and CS are misaligned by ∼ 45
• (PA = -45
• for HCN and PA ∼ −90
• for CS, see Figure 5 ). Most of this disagreement is on the western side of the West nucleus where the CS intensities are low. Lastly, there is also a minor difference along the southern boundary of the nuclei -the East source showing a tongue of emission to the south in CS whereas in HCN a southerly extension is seen from the West nucleus (see Figure 5 ). Some of these differences may be due to the very different optical depths of the CS (7-6) and HCN (4-3) emission lines (see Figure 10 -Right).
In NGC 6240 both the HCN and CS lines are much weaker than in Arp 220 so the signal-to-noise ratios (SNR) are not as high. In fact, the fitting of a single Gaussian component to the CS emission distribution did not converge due to low SNR (see Table 2 ); however, a fit was obtained for HCN. Comparing the relative placement of the ISM concentrations and the galaxy nuclei it is clear that in NGC 6240 the ISM is distributed along a ridge between the two nuclei (as located by the VLBA N and S sources and the IR nuclei in Max et al. 2007) rather than on the nuclei (as in Arp 220). This internuclear concentration of the molecular gas has been noted in previous investigations (Tacconi et al. 1999; Bryant & Scoville 1999; Engel et al. 2010 ). However, the major peak of the submm dust emission and the HCN and CS is clearly nearer the South nucleus (see Figures 1 and 6 ).
Measurements and Source Components
Aperture flux measurements for the continuum and the spectral lines are given in Table 1 . The table includes line fluxes integrated in velocity over ±500km s −1 . We also computed least squares fits of elongated Gaussians to the observed brightness distributions and the fit parameters are given in Tables 2 and 3 . For Arp 220 both nuclei were fit simultaneously with 2d Gaussians; the fits then provide a reasonable decomposition of the emission in the areas of overlap. In NGC 6240 a double Gaussians were simultaneously fit to the peak in the south plus the extended tail to the north. Table 3 includes an estimate of the true source sizes, with the beam analytically deconvolved. The peak brightness temperatures for both the observed and deconvolved emission distributions are given in Tables 2 and 3 , respectively. For Arp 220, the peak continuum deconvolved brightness temperatures reach 10 -40 K in Band 7 and 50 -150 K in Band 9. The black body temperature expected for the measured source size and luminosity is T bb = 100 K ( §4). It is likely that the dust emission is optically thick in Band 9 but optically thin in Band 7 (Downes & Eckart 2007; Matsushita et al. 2009; Wilson et al. 2014) .
The source sizes are probably best characterized by the dust continuum distribution using observations where the dust emission is optically thin -Band 7 for Arp 220 and Band 9 for NGC 6240. In Arp 220 West the deconvolved size is 0.36 × 0.24 (361 pc per ), implying a projected size of 130 × 87 pc. For Arp 220 East, the size is 0.38 × 0.32 , or 137 × 116 pc. If these are modeled as inclined disks the implied inclinations are 48
• and 31
• from these axis ratios (the deconvolved sizes are uncertain given that they are less than the observational resolution).
LONG WAVELENGTH DUST CONTINUUM AS A MASS TRACER
In this section we use the long wavelength dust emission to estimate the masses of dust and gas in each nucleus. Assuming the fluxes of the nuclei are wellrecovered in the interferometry, this is a very robust mass estimator. At sufficiently long wavelengths the dust is optically thin so the observations sample the entire column of dust and ISM. The emitted flux on the RayleighJeans tail of the spectrum is only linearly dependent on the dust temperature (T d ) and for normal galaxies the bulk of the ISM mass is at typically 20-40K. Averaging over whole galaxies or galactic nuclei, the dust opacity coefficient and dust to gas mass ratio are also probably not strongly varying (at least for massive galaxies with near solar metallicity). Thus the long wavelength dust continuum can be used as a linear probe of the ISM mass, avoiding the problems associated with optically thick molecular lines with sub-thermal excitation. In application of this technique to galactic nuclei, one does need to allow for increased dust temperatures in the stronger radiation field of the nuclear regions The use of the dust continuum is fully developed along with empirical calibration of the flux to mass ratio in Scoville et al. (2014) and is summarized briefly below.
At long wavelengths, the dust emission is optically thin and the observed flux density is given by where T d is the temperature of the grains, κ d (ν) is the dust opacity per unit mass of dust, M d is the total mass of dust and d L is the luminosity distance. (For simplicity in illustrating the physics, Equation 1 does not include the effects of bandshifting and compression of frequency space which occur for high redshift sources.) In local star-forming galaxies, most of the mass of dust is at T d ∼ 20 → 30 K (see references in Scoville et al. 2014) and variations in the mass-weighted dust temperatures between galaxies are small (∼20 -40K); the observed fluxes then probe the total mass of dust.
To obviate the need to know both the dust opacity and dust-to-gas ratio (which are degenerate when using Equation 1 to estimate ISM masses), one can instead empirically calibrate the ratio of the specific luminosity at rest frame 850µm to total ISM mass using samples of observed galaxies, thus absorbing the opacity curve and the abundance ratio into a single empirical constant α 850µm = L ν850µm /M ISM . In Scoville et al. (2014) , three samples were developed: 1) 12 local star forming and starbursting galaxies with global SCUBA and ISM measures; 2) extensive Galactic observations from the Planck Collaboration and 3) a sample of 28 SMGs at z < 3 having CO(1-0) measurements. The 3 samples yielded α 850µm = 1.0, 0.79 and 1.01 ×10 20 ergs sec
respectively (Scoville et al. 2014 ). The Planck measurements are particularly convincing -they are of high SNR, span a large wavelength range and they probe the diversity of Galactic ISM including both HI and H 2 dominated clouds. The Planck measurements exhibit little variation in their empirical coefficient α 250µm which is equivalent to our α 850µm (Planck Collaboration 2011b). The Planck measurements also determine very well the long wavelength dust emissivity index: β = 1.8 ± 0.1 (Planck Collaboration 2011a). Lastly, we note that Draine et al. (2007) see no variation in the dust abundance down to ∼ 20% of solar metallicity and it is reassuring that the low redshift galaxy sample and the high z SMGs yield very similar α 850µm . Taking account of the frequency shifting of the rest frame IR spectral energy distribution as a function of redshift (z), and assuming one is observing the optically thin RJ tail with opacity index β = 1.8, Scoville et al. (2014) show that the expected continuum flux is . Arp 220: Integrated line intensity images and mean velocities for the HCN (4 -3) (top panels) and CS (7 -6) emission (bottom panels). The square and diamond markers indicate the West and East continuum peaks at 698 GHz (see Table 2 ) and the coordinate offsets are from the West continuum peak. Contours for HCN and CS are at -2 (dashed), 2, 3, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50 and the implied mass is therefore,
where the observed frequency is normalized to 350 GHz, the dust temperature is normalized to 25K and the luminosity distance to 1Gpc. Γ RJ is the correction factor for departure from the RJ ν 2 dependence given by :
In the case of ULIRGs, there are two cautions with respect to application of Equation 4: 1) the observed wavelength must be sufficiently long that the dust emission is optically thin and 2) the mean dust temperature (mass-weighted) for the ISM within the compact nuclear region is likely to be elevated well above the typical global average of ∼25 K for ISM in normal galaxy disks. Modeling the IR SED of Arp 220, Wilson et al. (2014) found that the dust optical depth was τ ∼ 1.7 and 5.3 at 678 GHz and T d = 80 and 197 K for the East and West nuclei, respectively. Similarly, Matsushita et al. (2009) used earlier SMA observations at 690 GHz to conclude that the dust emission had τ ∼ 1 at 450 µm and T d = 49 and 97 K for the East and West nuclei. One could correct for modest optical depths by including a factor f (τ ) = (1 − e −τ )/τ in Equation 4 but a more reliable mass estimate is obtained using the lower frequency continuum measurements where the opacity is much less. For the Arp 220 nuclei we therefore use the 350 GHz fluxes and adopt T d = 100 K. This is recog- nized as an approximation since the two nuclei are different and undoubtedly have temperature gradients. A good derivation of the dust temperature from the observations would require multiple spectral bands, observed at the same resolution and with resolution sufficient to resolve likely temperature gradients.
The adopted dust temperature is consistent with the luminosity outputs of the nuclei. The Arp 220 nuclei have L F IR 10 12 L ; the blackbody radius required to emit this luminosity is 70 pc if the temperature is 100 K. This radius is comparable with the measured sizes of the dust emission peaks, implying that the dust must be heated to 100 K throughout this volume in order to emit the observed luminosity. In NGC 6240, the submm flux is much lower and the emission region is much larger; we therefore assume that the continuum is optically thin at 693 GHz and adopt the more typical mean T d ∼ 25 K, since the dust is more spatially extended and the IR luminosity is ∼ 3 − 4 times lower.
Using these values in Equation 4, we find ISM mass estimates for the nuclei in Arp 220 (z = 0.018) and NGC 6240 (z = 0.024) in the range 1.6 − 6.0 × 10 9 M (see Table 4 ). Given the uncertainties in the adopted massweighted dust temperature we expect these estimates to be uncertain by a factor of at most 2 for the nuclear sources.
The mass estimates derived from the dust continuum are similar to those obtained from the CO (1-0 and 2-1) emission lines. The total for both nuclei of Arp 220 is ∼ 5 × 10 9 M (Scoville et al. 1997) ; the individual East and West nuclei are ∼ 2 − 3 × 10 9 M (Downes & Solomon 1998) and for NGC 6240 3 × 10 9 M (Tacconi et al. 1999) . The RJ dust continuum obviously avoids the uncertainties in the conversion factor (and the uncertain relative brightness of high J CO transitions). One issue which could arise in very dense ISM environments is grain growth by coagulation or grain destruction by collisions; these would change the long wavelength dust opacity co- efficient in different directions. We can hope that future ALMA submm imaging at higher and matched resolutions at different wavelengths might demonstrate if the opacity spectral index is non-standard. Combining the masses derived from the RJ dust emission with the source radius determined from the deconvolved dust emission distributions (Table 4) , we obtain mean column densities of < N H2 > 6, 15 and 0.7 ×10 24 cm −2 for Arp 220 East, West and NGC 6240, assuming a uniform, spherical distribution of ISM (see Table 4 ). Estimates of < N H2 >∼ 4 × 10 25 cm −2 were obtained by Sakamoto et al. (2008) for the Arp 220 nuclei, adopting τ 850µm ∼ 1 and using the Hildebrand (1983) Galactic dust opacity law. These are lower limits for the column density along the line of sight to the nuclei since they have assumed a uniform distribution of gas and it is more likely that the ISM is centrally peaked. The column density estimates obtained here are more constraining than those by Sakamoto et al. (2008) due to the more up-todate empirical value for the ISM mass to dust opacity coefficient. Since a gas column of 10 25 cm −2 would heavily absorb the soft X-rays, these column densities would obscure any X-ray emission from a central AGN in Arp 220 if such exists (Paggi et al. 2013) . Thus the nondetection of X-rays does not imply there is no AGN.
NUCLEAR DISK MODELS
In Arp 220, the molecular gas and dust is likely in disklike structures, centered on each nucleus of the merging galaxies, separated by only 1 or a projected separation of 361 pc. Although the direct imaging does not conclusively show the large ratio of major/minor axes expected for an edge-on disk, the monotonic velocity gradients along the major axes of both structures (see Figure 7) are suggestive of rotating disks (as seen here and earlier by Sakamoto et al. 1999 Sakamoto et al. , 2009 ). Disk-like configurations for the nuclear gas concentrations in merging systems is also expected theoretically (Barnes & Hernquist 1996) , given the highly dissipative nature of the dense molecular gas damps motion along the rotation axis. Our conclusion that the gas constitutes a significant fraction of the total mass in the nuclei is also to be expected in the late stages of merging since the gas, being more dissipative than the pre-existing stellar systems, will sink to smaller radii more quickly and hence lead to a large gas mass fraction in the nuclei. In NGC 6240, which is probably somewhat less advanced in the merging process, the gas structure peaks near but not on the southern nucleus with a tidal bridge extending toward the northern nucleus. In NGC 6240, the observed kinematics are not ordered with a gradient along a single major axis.
In Appendix A, we describe a kinematic deconvolution technique originally developed by Scoville et al. (1983) which yields a maximum likelihood fit of a simple disk model to the observed HCN line profiles mapped over the area of the disk. The fit obtains a simultaneous solution for a parametric rotation curve and an axisymmetric, radial emissitivity distribution which best fits the observed line profiles seen in HCN (4 -3) across Arp 220 East and West and NGC 6240. The objective of this modeling exercise is to yield a self-consistent rotation curve and emissivity distribution which agrees with the observed line profiles, and to see if this dynamic model yields a total dynamical mass consistent with the ISM masses estimated from the dust emission.
The parameters to be solved for are: the velocity dispersion σ v of the gas; the inclination i of the disk; the PA of the major axis of the disk and the radial emissivity function. The radial emissivity function was taken to be a step function in radius (R) with 30 equal width bins in R with no imposed continuity between adjacent radial bins. Positions and velocities were measured relative to the spatial and velocity centroids of the HCN emission; specifically, the centroid position was taken to be R=0 for the nucleus and the centroid velocity was adopted as the systemic velocity of each disk. These spatial offsets were in all cases ≤ 0.05 from the dust continuum peaks and the velocity offsets were ≤ 20 km s −1 from the systemic velocities.
The minimized χ 2 parameters are given in Table 5 and 5)(left), disk thickness (middle -Equations 6 and 7) and mean disk gas densities (right) are shown, based on the rotation velocity and velocity dispersions derived from the maximum likelihood kinematic deconvolution for the nuclear disks in Arp 220 East and West and NGC 6240. The mean disk gas densities are shown for the ISM masses from Table 4 , distributed with constant mass surface density out to the radius given in Table 4 . The scale height as a function of radius is that of the hydrostatic case (solid lines in Figure 9 , obtained using Equation 6). The mass surface density was divided by a factor 1.36 to remove the He mass contribution.
the rotation curves and radial emissivity distributions are shown in Figure 8 . In both Arp 220 East and West the general agreement between the model and observed spectra is acceptable given the simplified assumptions of the model -axisymmetry and no radiative transfer considerations. In both Arp 220 nuclei, the structures are consistent with being rotation dominated. In NGC 6240 the line profiles fits are also good but here the dynamics are dispersion-dominated and the disk structure is therefore not as well constrained. Medling et al. (2011) constrained the black hole mass is the southern nucleus of NGC 6240 using NIR AO measurements of the stellar kinematics using the CO bandheads and 2.3µm. Their range of acceptable masses is 0.9 -2 ×10 9 M . This mass is significantly above that indicated by the rotation curve shown in Figure 9 -left. The analytic rotation curve used in our fitting did not include a term for a point mass but even if it had included a Keplerian falloff at small radii, the HCN emission is not very centrally concentrated; the modeling cannot therefore constrain the rotation curve there.
The derived emissivity distributions in both nuclei of Arp 220 are strongly concentrated to very small radii, R 20 pc; in NGC 6240 the emission apparently arises fairly uniformly out to radii ∼ 250 pc. For Arp 220 the instrumental resolution (HPBW) of the HCN (4 -3) observation is ∼ 0.5 or a diameter of 180 pc. Thus the kinematic deconvolution is revealing a source ∼ 5 times smaller and it will be interesting to see the results of higher resolution ALMA imaging in future cycles.
The kinematics derived from the modeling can be used to estimate dynamical masses for these compact gas concentrations. For the combination of circular orbital motions and uniform random motions, an approximate dynamical mass is obtained from
The velocities are normalized to 100 km s −1 and the radius to 100 pc. For both nuclei in Arp 220 the dynamical masses are ∼ 7 × 10 8 M at R = 20 pc and ∼ 3 × 10 Note. -Total integrated fluxes were measured in circular apertures of diameter given in column 2. The peak fluxes were measured with the synthesized beams given in Table 3 but restricted to the same diameter regions. a Measurement aperture diameter in arcsec. b Uncertainties on the line fluxes are taken to be the the larger of the 10% uncertainty in flux calibration or the measured rms noise. The uncertainties for the continuum measurements were derived from the dispersion in measurements taken in equal size apertures centered at off-source positions. c Lower limit since the line is on the edge of the bandpass.
M at R = 100 pc. For NGC 6240, the dynamical mass estimates are ∼ 6×10 8 and 1.4×10 9 M at R = 250 and 600 pc. The vertical structure of the disks is a Gaussian function with thickness (FWHM) given by ∆z F W HM (R) 100σ v 100 R 100 V rot 100 pc.
A more precise formulation of the disk thickness is not warranted at this time since it would require knowledge of the relative fractions of the mass in stars and gas and a more accurate rotation curve. In the event that the disk is entirely self-gravitating and the gas mass is completely dominant then it can be shown that the thickness depends quadratically on the velocity dispersion and is given by ∆z F W HM (R) 0.233σ
Σ 10 4 pc (7) where Σ is the local mass surface density of the disk, here normalized to 10 4 M pc −2 (see Spitzer 1942; Scoville et al. 1997) . Figure 9 shows the dynamical mass, disk thicknesses (from both Equations 6 and 7) and mean disk density as functions of radius using the rotation curves from Figure  8 . The density is calculated from the dynamical mass as a function of radius and expressed in terms of equivalent volume density of H 2 (in anticipation of the possibility that the gas makes up a large fraction of the overall mass).
HIGH EXCITATION GAS TRACED IN HCN AND CS
In the Arp 220 nuclei, both the HCN (4 -3) and CS (7 -6) emission lines are optically thick but subthermally excited.
18 Their peak brightness temperatures (Table 2 ) are 20 -40 K (HCN) and 7 -10 K (CS), implying that they are excited well above the 2.7 K CMB, yet they are significantly less than the CO brightness temperatures and the ∼ 100 K dust temperatures for the resolutions probed here. In this subsection we provide an analytic treatment of the molecular excitation to constrain the physical conditions in the line emission regions.
In the sub-thermal, optically thick regime of excitation, the molecular emission is provided by two processes: collisional excitation by collisions with H 2 and line photon radiative trapping (Scoville & Solomon 1974; Goldreich & Kwan 1974) . Here, we extend the 2-level analytic treatment in Scoville & Solomon (1974) for our analysis of the HCN (4 -3) emission in Arp 220. Although one could perform a full multi-level statistical equilibrium calculation for the level populations, this analytic treatment provides better physical insight and yields the dependences on the key parameters: n H2 (the H 2 volume density), X m = n m /n H2 (the molecular abundance relative to H 2 ) and T k (the gas temperature). (A similar analytic approach is given by Goldsmith et al. (2012) for the [CII] fine structure line.) 6.1. Two Level Excitation with Photon Trapping We consider a 2-level molecular system (e.g. HCN J = 3 and 4) in which the level populations are determined by a balance of collisions with H 2 , spontaneous decay and line photon absorption and stimulated emission with τ > 1. The ratio of upper to lower level populations is then given by
g ul is the ratio of statistical weights (= g u /g l ), σv ul is the downward collision rate coefficient and T k is the gas kinetic temperature. In Equation 8, the spontaneous decay rate A ul has been reduced by the photon escape probability, β = (1 − e −τ )/τ 1/τ for τ > 1. The excitation temperature (T ul ) characterizing the level populations is then
where χ = A ul /τ n H2 σv ul (10) and T 0 = hν/k. The line optical depth is given by
Here, dv/dr is the line-of-sight velocity gradient. Combining Equations 10 and 11 one sees that the excitation temperature in an optically thick transition is in fact independent of the spontaneous decay rate (A ul ). This is because transitions with higher spontaneous decay rates also have proportionally higher optical depth and hence lower photon escape probabilities. Although this has been shown before (Scoville & Solomon 1974; Goldreich & Kwan 1974) , we restate this result here since it is often asserted that the greater dipole moment molecules have a higher critical density due to their more rapid spontaneous decay -this is not physically correct for optically thick transitions such as those of HCN and CS. In fact, the excitation temperature is independent of the A-coefficient; hence, the line brightness temperature depends only on the factor n H2 n m /(dv/dr) where n m is the volume density of the molecules (reflected above in n l ).
To proceed further, we make the approximation that the rotational level populations can be characterized by a single excitation temperature T x . This excitation temperature can then be used to relate the lower level population n l ) to the total molecular density (n m ) via a Boltzmann distribution. For a linear molecule, the rotational partition function is Z = kT x /(hB) where B is the rotation constant. Thus,
For linear molecules like HCN and CS, the transition J → J -1 has E l = hB(J 2 − J) and T 0 = hν/k = 2JhB/k (B = 44.32 and 24.50 GHz for HCN and CS). Equation 9 then becomes
and f(T x ) = kT x /hB e −hB(J 2 −J)/kTx − e −hB(J 2 +J)/kTx . (15) 6.2. HCN (4 -3) Excitation in Arp 220 Table 3  Gaussian Source Sizes from Table 2 Beam Source Deconvolved Note. -Sizes and major axis PA estimates obtained from 2d gaussian fits listed in Table 2 . The uncertainties in the parameters were the formal errors from the multi-component Gaussian fitting. a No convergent fit obtained. Note. -ISM masses derived from the RJ continuum flux using Equation 4 with distances of 74 and 103 Mpc for Arp 220 and NGC 6240. a Adopted dust temperature used for mass calculation as discussed in text. b Angular diameter estimate from deconvolved major axis of dust emission Gaussian fit (Table 3 ) using the Band 7 measurements for Arp 220 (since the Band 9 dust emission is optically thick) and Band 9 for NGC 6240 (since the SNR is better in Band 9). c Mean gas surface density and H 2 column density assuming the gas mass is distributed uniformly over a disk with the radius given in column 8. This 2-level formalism can be applied to the observed HCN (4 -3) emission in Arp 220 to constrain the gas density in the nuclear sources. In the nuclei at radii less than ∼ 65 pc we adopt a gas kinetic temperature T k = 100 K, based on the dust blackbody-limit temperature and the expectation that at densities above 10 4 cm −3 the gas should be thermally coupled to the dust. This high kinetic temperature is consistent with the brightness temperatures observed for CO (Sakamoto et al. 2009 ). For HCN (4 -3), the peak line brightness temperatures are ∼ 20 and 40 K (Table 3) . Assuming the line is optically thick (as in Galactic sources), these brightness temperatures imply excitation temperatures T x ∼ 20 and 40 K. In the evaluation below, we adopt T x 40 K and therefore the gas density will be constrained to that giving T x /T k 0.4 in Equation 13.
For HCN, hB/k = 2.13 K and for the J = 4 -3 transition, T 0 = 17.0 K with A 4−3 = 2.1 × 10 −3 sec −1 .
n H2 = 2-3! x10 5 cm -3 ! Figure 10 . Left -The ratio of the level excitation temperature to the gas kinetic temperature (Tx/T k ) is shown as a function of density for the HCN (4 -3) and CS (7 -6) lines, calculated from Equation 13 for the parameters discussed in the text, specifically T k = 100 K and standard galactic abundances 2 × 10 −8 and 2 × 10 −9 for HCN and CS relative to H 2 . The observed thermalization ratios (derived from the line brightness temperatures, see text) are ∼ 0.4 and 0.1, requiring n H 2 =2.0 and 3.0×10 5 cm −3 , respectively for HCN and CS. Right -Line optical depths are shown. The optical depths corresponding to the solution densities are ∼ 130 and 3 for the HCN (4 -3) and CS (7 -6) lines, averaged over the line profile. The collision rate coefficients for HCN J=4 were taken from the He-HCN rate coefficients calculated by Dumouchel et al. (2010) , scaled by a factor 1.36 to go to HCN-H 2 (see Green & Thaddeus 1976) . For this analytic analysis, it is appropriate to use the sum of the collision rate coefficients out of the J=4 upper level to any other rotational level (both below and above J=4) since all of these transitions couple the level to the gas kinetic temperature. This summed rate coefficient is σv J=4 = 2.68 × 10 −10 (T k /100) −0.22 for T k 50 − 150K (using the tables given in Schöier et al. (2005) ).
For the characteristic line-of-sight velocity gradient, we divide the line FHWM (∼ 500 km s −1 ) by the diameter of the nuclear sources (130 pc, Table 4 ), yielding dv/dr ∼ 4km s −1 pc −1 (= 1.3 × 10 −13 sec −1 ). Lastly, we set the abundance of HCN relative to H 2 to the typical value obtained for Galactic sources (X HCN ∼ 2 × 10 −8 - Bergin et al. 1996; Lahuis & van Dishoeck 2000) so that the molecular volume density is n m = X HCN n H2 .
CS (7 -6) Excitation in Arp 220
For CS (7 -6), the peak line brightness temperatures are ∼ 7.5 and 10 K (Table 3) , i.e. about 1/4 of those for HCN (4 -3), implying that T x /T k 0.1 in Equation 13. For CS, hB/k = 1.175 K and for the J = 7 -6 transition, T 0 = 16.5 K with A 7−6 = 8.4 × 10 −4 sec −1 . The collision rate coefficients for CS (Schöier et al. 2005) have total σv J=7 = 2.87×10
−10 (T k /100) 0.15 , once again summing all rate coefficients from J=7. We use the same line-ofsight velocity gradient as for HCN, i.e. dv/dr = 1.3 × 10 −13 sec −1 . For CS, the Galactic and nearby galaxies abundance is typically X CS ∼ 5 × 10 −9 (Paglione et al. 1995; Shirley et al. 2003; Bergin et al. 1997 ). Figure 10 -Left shows the resulting ratios of T x /T k obtained for HCN (4 -3) and CS (7 -6) from Equation 13 as a function of density. The observed fiducial values for T x /T k are ∼ 0.4 and 0.1 in Arp 220 West for HCN and CS, respectively -these are shown by the horizontal bars. For the adopted molecular abundances the required densities are n H2 = 2.0 and 3.0 × 10 5 cm −3 for HCN and CS. The densities derived from this analytic 2-level treatment are within 10% of those derived using a full multilevel code such as RADEX. Figure 10 -Right shows the line optical depths as a function of density, indicating that both lines are optically thick (τ = 130 and 3) -the HCN line optical depth is over 100! It is noteworthy that these two lines indicate fairly consistent gas volume densities (2.0 and 3.0 × 10 5 cm −3 ) without requiring abnormal molecular abundances -so we conclude that n H2 ∼ 2 × 10 5 cm −3 . This volume density for the line emitting gas is only slightly higher than the mean volume density (∼ 10 5 cm −3 , estimated from the dynamical mass and from the dust-based mass estimate). The fact that these agree so closely implies the volume is almost entirely filled with gas at density 1 − 2 × 10 5 cm −3 . Thus, the nuclear gas configuration must be quite uniform and not a cloudy or swiss cheese -like structure.
Densities required for the Observed Emission
The above analysis considers only collisional excita- Note.
-CO (2 -1) fluxes for the nuclei are from Sakamoto et al. (1999) .
Similar 2-1 fluxes are given by Downes & Solomon (1998) : 130 and 220 Jy km s −1 (assuming their table entries for the East and West nuclei are reversed). Flux units are Jy km s −1 . A lower limit on the 1 -0 flux is obtained by assuming the flux scales as ν 2 and the ratio is therefore 4:1. The upper limit is obtained by adopting the global CO (2-1) / (1-0) flux ratio of Arp 220 (1071/410 = 2. 6 Scoville et al. 1997) . ISM(CO) is the ISM mass estimate obtained from the CO (1-0) flux assuming the standard Galactic CO-to-H2 conversion factor and ISM(dust) is the ISM masses estimated from dust RJ continuum flux as listed in Table 4. tion. In some instances, the excited rotational levels can be populated via absorption of near/mid infrared dust continuum photons in the molecular vibrational bands, followed by spontaneous decay to the excited rotational levels of the ground vibrational state (Carroll & Goldsmith 1981) . For CS and HCN, this mode starts for dust black body temperatures above ∼120 and 400 respectively for CS and HCN but considerably higher T d are required for the high J states observed here (see Carroll & Goldsmith 1981) .
DISCUSSION
Here, we briefly discuss the constraints on variations in the CO conversion factor used to translate CO (1 -0) emission line flux to mass of H 2 and the estimation of star formation rates from the IR fine structure lines such as CII.
7.1. CO-to-H 2 conversion factor Using the masses derived from the dust emission in §4 and Table 4 , we can assess the effective CO (1 -0) conversion factor for the Arp 220 nuclei (assuming the masses obtained from the dust emission are valid). To circumvent the problem that angular resolution of existing CO (1 -0) is insufficient to separate the two nuclei, and to separate their emission from the more extended CO emission, we make use of the CO (2-1) observations of Sakamoto et al. (1999) at 0.5 resolution. To estimate the effective (1-0) flux one can scale the (2-1) flux by a factor 1/4, assuming the two lines are thermalized and have constant brightness temperature. Alternatively, one could scale by the global (2-1)/(1-0) flux ratio = 2.6 (Scoville et al. 1997) . The 1-0 flux obtained using this latter ratio should be viewed as an upper limit since the global flux ratio includes low excitation CO from larger galactic radii. These estimates are listed in Table 6 .
For the standard Galactic CO-to-H 2 conversion factor α CO(1−0) = 3 × 10 20 H 2 cm −2 (K km s −1 ) −1 , the H 2 mass is M H2 = 1.18 × 10 Sanders et al. 1991 ). The resulting CO-based mass estimates are given in column (4) of Table 6 after multiplying by a factor 1.36 to account for He. The ISM mass estimates from the CO (1 -0) using the standard Galactic CO-to-H 2 conversion factor are 2 -3 times higher than the estimates obtained from the dust continuum (see Table 6 ). The lower CO estimates are probably more valid for the nuclei since the flux ratio of the high excitation gas is very likely to be thermalized and therefore have the limiting 4:1 ratio.
For self-gravitating molecular clouds or galactic nuclei where the gas is the dominant mass component, one expects the CO-to-H 2 conversion factor to scale as √ n H2 /T k (Dickman et al. 1986; Bryant & Scoville 1996) , relative to the density and temperature of the Galactic GMCs for which the standard conversion factor was derived. The Galactic GMC ratio is ∼ √ 300/10 ∼ 1.7 and the ratio for the Arp 220 nuclei is ∼ √ 10 5 /100 ∼ 3.2. Thus a factor ∼ 2 change in α CO(1−0) is to be expected -this is consistent with the discrepancy between the COand dust-based ISM mass estimates given in Table 6 .
Thus we conclude that the effective CO-to-H 2 conversion factor in the Arp 220 nuclei is approximately a factor 2 reduced from the standard Galactic value. Most of this reduction can be attributed to the expected changes in the mean gas density and gas kinetic temperature. The CO-to-H 2 conversion factor can also be reduced if the line width is increased due to there being a significant stellar mass contribution in the self-gravitating region containing the molecular gas (Bryant & Scoville 1996; Downes & Solomon 1998) . In the Arp 220 nuclei, we find that this mechanism is not necessitated since the apparent changes in the conversion factor can be largely attributed to the expected scaling for higher T k and density. Lastly, we point out that the masses estimated here from the dust emission and from the CO (as discussed above) are consistent with the dynamical mass estimated from the kinematic modeling (as shown in Figure 9 -left). Thus the derived conversion factor, reduced by a factor 2 from the standard one, is certainly not implausible.
SFRs from CII and the 'IR Line Deficits'
The 158µm CII line is the most luminous far-infrared line from dusty star forming regions and a number of investigations have attempted to use the CII line fluxes to probe SFRs (cf. Malhotra et al. 2001; Stacey et al. 2010) . However, it is now well established that in many ULIRGs the CII line luminosity is suppressed by factors of 10-100 relative to the far infrared luminosity (Luhman et al. 2003; Graciá-Carpio et al. 2011; Díaz-Santos et al. 2014) . The latter is a robust indicator of dust obscured SF in galaxies not having strong AGN.
There are a number of explanations which have been proposed to account for the suppressed line flux: 1) a sufficiently high density in the emission line regions that the fine structure levels are collisionally de-excited (i.e. the gas density is above the fine structure transition critical density), 2) some of the UV luminosity which would normally photoionize the HII and PDR gas is absorbed by dust, thus enhancing L IR relative to L CII or 3) emission line flux is suppressed by absorption due to overlying dust.
For the CII line, the critical densities are n e 50 cm −3
for ionized gas at 10 4 K and n 3000 cm −3 for neutral gas at 100 K. The mean gas densities estimated above for the Arp 220 nuclei (n H2 5 × 10 5 cm −3 ) are 100 times higher than the neutral gas critical density; thus in Arp 220, collisional suppression can fully account for the line deficit. In addition, the foreground dust opacities in Arp 220 are such that the dust is optically thick out to λ 300µm, so it is expected that there will be substantial dust absorption of the line emission, even if the intrinsic emission luminosity is normal. Díaz-Santos et al. (2013) find that the CII line deficit is correlated with there being warm dust in the LIRGs and ULIRGs. They suggest that this is consistent with absorption by dust in the PDRs of the UV longward of the Lyman limit. This is the UV which is responsible for ionizing CII in the PDR regions. Given the physical conditions in Arp 220, the CII line suppression is inevitable due to collisional de-excitaiton and the line emission will also be absorbed by overlying dust so it is not necessary to invoke this additional mechanism. It is important also to recognize that a significant fraction of the CII emission (25-50%) probably arises from the HII regions (as opposed to PDRs) and this would not be affected by the PDR-dust. The HII region CII emission component would therefore be at its normal strength relative to the SFR; since this component is a significant fraction of the normal CII emission, it would then be difficult to reach line deficits reaching factors 10 -100.
Eddington Limit
In nuclear SB and AGN sources with a dusty ISM, the absorption of radiation by the dust can produce an outward radiation pressure force comparable or larger than gravity, leading to self-regulation of the activity and radiatively driven outflows (Scoville et al. 2001; Scoville 2003; Thompson et al. 2005; Murray et al. 2005) . Thus there exists an Eddington limit on the luminosity-tomass ratio and above this limiting L/M the ISM is driven outwards and hence the AGN and SB fueling is cut off.
Given the rotational curve for a galactic nucleus, one can write the Eddington luminosity as 
where we assumed a relatively high value of the Rosseland opacity κ R for the dust. The effective opacity for the dust to absorb the outflowing radiative momentum of course depends on the typical wavelength of the photons at each radius. The original luminosity from the AGN or SB is in the optical-UV, but if the overlying dust is optically thick, these photons are absorbed in the first column with A V ∼ 1 mag (or N H = 2 × 10 21 cm −2 for standard gas-to-dust abundance). The absorbed radiation is then re-emitted in the infrared -at successively longer wavelengths at larger radii since the dust temperatures decreases at larger radii. The coupling of the dust to the radiation field depends on the effective dust opacity at the characteristic wavelength of the photons at each radius. The Eddington ratio, L/M or equivalently L/(V 2 /R), will therefore decrease at larger radii in an optically thick dust cloud since the effective opacity is reduced for longer wavelength photons. Semenov et al. (2003) give κ R (T ) 2 cm 2 g −1 (T /100 K) 2 for T 200 K and κ R (T ) 5 cm 2 g −1 for T 200 K for a dust-to-gas ratio normalized to the Milky Way value.
Prior treatments of the Eddington limit in the context of starbursts have lacked strong constraints on the radial profile of the radiation field to compare with the self-gravitating mass. The star formation rate 120 M yr −1 for the West nucleus of Arp 220 based on the infrared luminosity. We can convert this to a bolometric power by assuming a standard Kroupa IMF: For Arp 220, the Eddington ratio is then near-unity for the Western nucleus and sub-Eddington for the Eastern nucleus by a factor of a few for the nominal κ R .
Alternatively, one could take the HCN (4-3) emissivity profiles and assume that L bol (R) tracks the HCN emissivity: L bol ∝ L HCN(4−3) (Figure 8 ) and then take the dynamical mass as a function of radius from Figure 9 . The emissivity is rising rapidly at smaller radii in the nuclei of Arp 220, but the enclosed mass must be falling. Thus, the Eddington ratio should be rising toward the core of the nuclei -ultimately leading to an inner radius where the Eddington ratio exceeds unity and material would be ejected. Given the uncertainties in the mass and emissivity distributions derived here; we defer of numerical analysis of this approach to a later dataset with higher spatial resolution.
SUMMARY AND PERSPECTIVE
These ALMA data probing the high excitation gas in the nuclei of two luminous IR galaxies clearly reveal the spectacular gas concentrations and physical conditions in these late stage mergers. Consistent values are obtained for the gas mass derived from the Rayleigh-Jeans dust emission and for the dynamical mass derived from modeling the observed emission line profiles.
The nuclear disks in Arp 220 are found to be extraordinarily compact with radii ≤ 65 pc and masses ∼ 2 × 10 9 M . The typical disk thickness ∼ 10 pc is estimated from the line profile velocity dispersion relative to the rotation velocities. The gas densities derived from the excitation requirements of the HCN and CS emission are consistent, yielding n H2 =2×10 5 cm −3 . Since these densities are within a factor two of the volume-average density for the nuclear gas, this high density gas must uniformly fill the volume and not be cloudy or swiss cheese -like (see §6.4). There has been long standing uncertainty with respect to using the CO emission from ULIRGs to estimate gas masses since the gas may be hotter and denser -these changes affect the CO-to-H2 conversion factor in opposite directions and therefore reduce the shifts in α CO . The mm-lines can also have enhanced emissivity per unit gas mass if the central potential well of the galaxy nucleus is broadening the line emission. In the future, the effects can be resolved with high resolution ALMA imagingmeasuring the CO lines and dust emission as a function of radii to differentiate the different dependences.
Most of the analysis in this paper has focused on Arp 220 -it is brighter and hence the data has higher signalto-noise ratio and its structure, consisting of two disks centered on the near infrared nuclei, is simpler. On the other hand, it is fair to ask: why is NGC 6240 less luminous than Arp 220 while its twin AGNs are more active? Is this simply due to the incredibly high column densities (> 10 24−25 cm −2 ) in Arp 220 which would preclude easy detection of an X-ray AGN there (see Paggi et al. 2013) , Or is it the difference in total gas content, orbital configuration and/or mass distribution, gas affecting the AGN activity? The observations and modeling presented here clearly show a 3-4 times lower gas content in NGC 6240 with 3 times larger radius (see Table 4 ). In addition, most of this ISM is associated with the southern nucleus in NGC 6240 as compared with a more equal distribution in Arp 220. Despite the above differences, both systems, with nuclei separated by ∼361 to 713 pc (projected), are clearly on a precipitous 'death' spiral to coalesence in next ∼10-20 Myrs and subsequent rebirth as a more massive single galaxy.
